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The electric (E) field control of magnetic properties opens the prospects of an alternative to magnetic field or electric current activation to control magnetization. Multilayers with perpendicular magnetic anisotropy (PMA) have proven to be particularly sensitive to the influence of an E-field due to the interfacial origin of their anisotropy. In these systems, E-field effects have been recently applied to assist magnetization switching and control domain wall (DW) velocity. Here we report on two new applications of the E-field in a similar material :
controlling DW nucleation and stopping DW propagation at the edge of the electrode.
The possibility of controlling magnetic properties with an E-field via magneto-electric (ME) effects was initially envisaged in multiferroïcs 1 or magnetic semiconductors 2 . As the majority of these materials loses their ferromagnetic properties at room temperature the recent discovery of an important ME effect at room temperature in conventional ferromagnetic metals 3-8 has attracted much attention. Despite the limited penetration depth of an E-field in metals, the charge induced at the metal/dielectric interface on the topmost atomic layers is sufficient to modify the surface magnetic anisotropy energy (MAE) by a non negligible amount in ultrathin ferromagnetic layers as suggested by electronic structure calculations [9] [10] [11] . This has a particular impact in systems where the different anisotropy contributions almost cancel each other out, resulting in a large relative variation of the total effective MAE when the surface contribution is modified with the voltage [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . We have studied here a Pt/Co/AlOx sample where the surface MAE could be varied in two ways : charging the metal/dielectric interface and modifying its oxidation. We demonstrate that charging and oxidizing the interface affect the magnetic properties in some equivalent manner in this system. The E-field effect is characterized by monitoring the magnetization reversal for different MAE values. For weak MAE, we observe a nucleation-dominated reversal and we demonstrate that the thermally activated DW nucleation can be electrically controlled via the modulation of the involved energy barrier. For higher MAE we observe a strong E-field variation of the thermally activated DW creep motion, as reported in previous works [22] [23] [24] . In addition to this E-field control of DW velocity below the electrode we demonstrate the reversible pinning of DW at the edge of the electrode. The measurements reported here are carried out using magneto-optical Kerr microscopy. The E-field is applied locally via transparent electrodes deposited on the un-patterned dielectric/metalic bilayer, thus The two electrodes under which the E-field effect have been characterized in the low (E 1 ) and high (E 2 ) anisotropy regions are represented.
To study the E-field influence on DW nucleation we have selected a low anisotropy (higher Co/AlO X oxidation) region compared to the high anisotropy (optimum oxidation) region.
In this region a high nucleation density was observed at the time, magnetic field and length scales of our experiment. A Kerr image taken below the ITO electrode E 1 200 ms after applying a constant 1 mT magnetic field is shown in Figure 2 (a) (left). Regions where the magnetization is unreversed (reversed) appear in dark grey (light grey). The nucleation density is increasing (indicating a decrease in MAE) in the direction where the Co/AlOx interface is getting more oxidized. If we refer to previous works on this system 27 , this confirms that the Co/AlOx interface is in the over-oxidized state in our sample. The fast variation of nucleation density suggests that the nucleation rate follows some exponential law as expected for a thermally activated nucleation process above an energy barrier. To confirm this we have calculated the nucleation probability within the Néel-Brown model (see Appendix A ). The results are presented in Figure 2 .a (right). The calculation provides a qualitative description of the experimental data for a linear variation of the energy barrier height along the wedge ∆E N /∆x=0.22 meV/µm and an energy barrier height E N =500 meV (at the bottom on the image in Figure 2 (a)). The influence of the E-field on the nucleation is checked by comparing Kerr images taken 200 ms after applying a 1 mT magnetic field for various V (Figure 2(b) ). The region where 50% of the magnetization is reversed is linearly shifted by the E-field with a position/voltage equivalence of ∆x/∆V=30 µm/V. This shift toward lower MAE regions for positive voltage is consistent with the MAE increase upon electron density increase already observed in previous works 22, 24 . In addition to this, we demonstrate here an equivalence between a reduction of the electron density and an oxidation increase, in the case of an over oxidized
Co/AlOx interface and we show that this E-field induced MAE variation can cause an exponential variation of the nucleation rate. (Figure 3(c) ). This indicates, as reported in previous works, that the DW pinning energy barrier is modulated by the E-field via the MAE variation [22] [23] [24] . By comparing Figure 3 b and c we see that applying a negative voltage has the same effect on the DW velocity as a displacement toward a more oxidized region. Consequently, decreasing the electron density has the same effect on the MAE as increasing the interface oxidation as observed in the lower anisotropy region (below E 1 ). The position/voltage equivalence of ∆x/∆V=80 µm/V found below E 2 is 2.4 times larger than the one found below E 1 . We can deduce that the effect on MAE of the E-field (∆MAE/∆V) relatively to the effect of oxidation (∆MAE/∆x), is larger in the region with higher MAE.
The use of local electrodes on a continuous ferromagnetic layer allows the creation of an MAE step at the edge of the electrode when a voltage is applied. Such energy step may be used to pin DW. Indeed, we observe that the effect of the E-field on DW propagation differs below and at the edges of electrode E 2 . In Figure 4 , the magnetization reversal at a fixed magnetic field of 2.4
mT is recorded as a function of time and while turning the E-field on and off. The integrated Kerr intensity below the electrode and the applied potential are represented as function of time in the DW below the electrode is only slowed down by the E-field, the DW is pinned at the electrode sides between t 1 and t 3 . We argue that this pinning of the DW is related to the presence at the edge of the electrode of an energy step ∆E S due to the voltage induced MAE difference below and outside the electrode (see Figure 4(c) ). This energy step can be overcome by thermal fluctuations and as its height is proportional to the E-field, an exponential variation of the pinning time with V is expected. We observe that for V=20 V, the DW is efficiently pinned on the electrode edge at the time scale of our experiment (t∼20s). At t 3 , the MAE is lowered and the decrease in the anisotropy step height allows DWs to propagate from both sides of the electrode insulators.
